ABSTRACT. Snow depth on sea ice plays a critical role in the heat exchange between ocean and atmosphere because of its thermal insulation property. Furthermore, a heavy snow load on the relatively thin Southern Ocean sea-ice cover submerges the ice floes below sea level, causing snow-to-ice conversion. Snowfall is also an important freshwater source into the weakly stratified ocean. Snowdepth on sea-ice information can be used as an indirect measure of solid precipitation. Satellite passive microwave data are used to investigate the interannual and regional variability of the snow cover on sea ice. In this study we make use of 12 years (1992-2003) of Special Sensor Microwave/Imager (SSM/I) radiances to calculate average monthly snow depth on the Antarctic sea-ice cover. For the Antarctic seaice region as a whole, we find that September snow depth and sea-ice area are negatively correlated, which is not the case for individual regions. An analysis of the snow depth around Antarctica was undertaken. The results show an overall increase in snow depth for each of the five Antarctic sectors and the region as a whole, but only the Indian Ocean sector and the entire Southern Ocean show a statistically significant increase. There is a partial eastward propagation of maximum snow depths, which may be related to the Antarctic Circumpolar Wave. The overall trend and the variability of regional snow-depth distributions are also in agreement with cyclone density.
INTRODUCTION
Snow depth on sea ice plays a critical role in the heat exchange between the ocean and atmosphere (see, e.g., Massom and others, 2001 , for an overview). Furthermore, a heavy snow load on the relatively thin Southern Ocean seaice cover submerges the ice floes below sea level, causing snow-to-ice conversion, which results effectively in an increase of sea-ice thickness and a decrease in snow depth. Snowfall is also an important freshwater source into the weakly stratified ocean. Snow-depth on sea-ice observations can be used as an indirect measure of solid precipitation. Variations in snow cover also modify the physical behavior of the sea-ice cover (Fichefet and Morales Maqueda, 1999; Wu and others, 1999; Powell and others, 2005) . Genthon and others (1998) compared the intra-annual and regional variability of snowfall from models and observations and discussed the complex variability of snowfall, emphasizing the need for reliable observations. The means to monitor snow depth becomes even more important as models project an increase in precipitation associated with increased temperatures over the Southern Ocean (Bromwich and Robasky, 1993; Watterson and Dix, 2003; Trenberth and Shea, 2005) .
In this paper, we use snow-depth on sea-ice estimates from satellite passive microwave data to investigate its temporal and regional variability and its connection to variations in the sea-ice cover, and discuss these results in the context of cyclone density.
DATA
Daily maps of snow depth on sea ice are derived from satellite passive microwave Special Sensor Microwave Imager (SSM/I) data (Markus and Cavalieri, 1998) for the period 1992-2003. In order to extract the snow signal from the SSM/I radiances, the contribution of the signal from variations in sea-ice concentration must be excluded, which is done using enhanced NASA-Team algorithm (NT2) seaice concentration estimates (Markus and Cavalieri, 2000) . Remaining variations in SSM/I brightness temperatures then depend mainly on variations in the snow cover. Snow acts primarily as a scatterer of microwave radiation. Therefore, the deeper the snow the more scattering. The scattering efficiency is frequency-dependent so that a combination of different frequencies allows the retrieval of snow depth. Nevertheless, in addition to the snow depth itself several other snow properties can affect the scattering and thus the retrieval quality. These are mainly snow grain size, snow density, snow layering and snow wetness. The snow depth of wet snow cannot be retrieved, and in the algorithm temporal information is used to flag wet snow. Currently, algorithm coefficients are constant, but comparisons of monthly SSM/I-derived and in situ snow-depth distributions for different regions and different seasons have shown that the algorithm is adequate at least on larger scales, where variations in snow physical properties likely average out. Comparisons of in situ snow-depth distributions with distributions derived from SSM/I data showed good agreement on regional and monthly scales. Average in situ snow depths varied from about 6 to 26 cm, and the correlation coefficient between in situ and SSM/I snow depths was about 0.8 (with one possible outlier removed, it increased to 0.94). There was a negative bias of 3.5 cm and a precision of 3.9 cm (Markus and Cavalieri, 1998) . More recently, in situ snow depths were compared with airborne radiometer measurements as part of the Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-E) Arctic validation campaign (Cavalieri and others, 2006) . Initial comparison shows a good correlation (0.7), although the results suggest that different algorithm coefficients may be needed for rough sea ice (Markus and others, 2006) . In this study, we therefore generate and use monthly-averaged snow-depth on sea-ice maps. Figure 1 shows the minimum, maximum and mean snow depth on a pixel-by-pixel basis for September, the month of maximum sea-ice extent. Generally, the deepest snow cover is observed in the Weddell Sea and in the Bellingshausen, Amundsen and Ross Seas. The 'tongue' of deeper snow in the Weddell Sea corresponds to an area of second-year (and thus older) ice, which is drifting eastwards following the Weddell Gyre. The West Antarctic area (Bellingshausen, Amundsen and Ross Seas) is known for frequent cyclone activity and thus higher snowfall rates. Areas of frequent coastal polynyas, such as along the Ronne and Ross Ice Shelves as well as along the Wilkes Land coast, show low snow depth because of the presence of new ice. Figure 2 shows the monthly-averaged snow depth for the entire Southern Ocean. The average snow depth is highest during the months of minimum sea-ice cover. During these months, only thicker, older ice (with presumably deeper snow) has survived the summer's melt. The increase in sea ice during austral fall leads to large areas of new ice, which results in a decrease of average snow depth. Once the seaice growth slows down, the average snow depth increases until the onset of melt (about October) and the subsequent disintegration of the sea-ice cover.
SNOW VARIABILITY
Although the snow-depth data show a significant amount of interannual variability, part of this variability seems to be connected to the variability of the sea-ice cover. In Figure 3 , the September snow depth is plotted vs the September seaice area (also derived from SSM/I data; Markus and Cavalieri, 2000) . There is a surprisingly clear linear relationship between snow depth and sea-ice area. Years with greater ice areas have, on average, lower snow depth and vice versa. There are a couple of possible interpretations for this correlation: (a) years with greater ice extent have likely greater areas of newer, thinner ice with presumably less snow, which will reduce the average snow depth; (b) there is an atmospheric connection between years of deeper snow (increased precipitation) and reduced In order to analyze this in more detail and to investigate regional differences, anomalies of sea-ice area and snow depth were computed around the Southern Ocean in 18 longitudinal segments relative to the 12 year mean (Figs 4 and 5, respectively). Positive anomalies are shaded in light gray, and negative anomalies in dark gray. The spikes around 3008, particularly in Figure 4 , are mainly a result of the Antarctic peninsula. North of the peninsula the number of ice-covered pixels is much smaller so that relatively small changes in the sea-ice cover translate into large anomalies. These figures do not show an immediate regional connection between the sea ice and the snow depth. It is interesting, though, that the snow-cover anomalies differ between the first 6 and the second 6 years. Particularly beginning with 1999, there appear to be greater positive anomalies which additionally show a rotational pattern with consecutive maxima. There are consecutive maxima around 458, 1208, 1908, 2808 and 3608 for the years 1999 through 2003, respectively. This partial eastward propagation of maximum snow depths may be related to the Antarctic Circumpolar Wave.
Next, we examine the 12 year means and standard deviations of the normalized snow depth obtained by dividing the snow depth by its corresponding sea-ice area for each of five sectors as defined by Gloersen and others (1992) (Table 1 ). The standard deviation of the September snow depth is highly correlated with the average snow depth, with a correlation coefficient of 0.99 (Fig. 6) . Some possible reasons for this correlation are presented in section 4.
The time series for each of the sectors show a slight positive trend (Fig. 7) . These trends range from 8 to 16 mm (decade) but only the Indian Ocean sector and the entire Southern Ocean have significant trends at the 95% confidence level. The difference in the significance is to a large extent caused by the lower interannual variability of the Indian Ocean sector and the entire Southern Ocean compared to the other sectors. Nevertheless, these trends are well below the precision of the current snow-depth algorithm.
DISCUSSION
The results presented in the previous section reveal that the September snow depths have considerable regional and interannual variability over the period 1992-2003. Furthermore, the snow depths are observed to be increasing in each of the five Antarctic sectors. These changes appear to be related to corresponding changes in storm frequency and intensity. Storms in the Southern Ocean generally originate at mid-latitudes and spiral poleward primarily along two branches merging with the circumpolar trough (e.g. Jones and Simmonds, 1993) . A more recent study of extratropical Southern Hemisphere cyclones shows that there has been a southward shift in the number of cyclones over recent decades; more specifically, south of 408 S but north of the Southern Ocean there has been a decrease in the number of cyclones, whereas over the Southern Ocean there has been a modest increase (Fyfe, 2003) . Additionally, there have been observed increases in the mean radius of Southern Hemisphere extratropical cyclones as well as in the annual mean cyclone depth (Simmonds and Keay, 2000) . Thus, the increase in the number of cyclones as well as their intensity may help explain the increase in the normalized snow depth observed in all sectors. Longitudinally, the area-normalized cyclone density for winter has maxima in the Bellingshausen and Amundsen Seas (B&A) and West Pacific sectors (see fig. 3 in Jones and Simmonds, 1993) , whereas latitudinally the peak zonal average cyclone density for September-October is centered in the 60-658 latitude band (see fig. 9 in Jones and Simmonds, 1993) . The longitudinal position of these two cyclone maxima helps explain both the high mean normalized snow depths and the high snow-depth standard deviation of these two sectors (Fig. 6) .
A comparison of the time series of the annually averaged cyclone system density in the vicinity of 758 S, 1608 E (see fig. 2c in Simmonds and Keay, 2000) with the September time series for the normalized snow depths for the West Pacific sector during the years of overlap (1992-97) reveals peaks in both cyclone density and snow depths for the years 1992 and 1995. While the period of overlap is too short to yield any statistically significant result, the agreement does support the intuitive relationship between cyclone density and snow-depth variability.
These results also appear to be consistent with the NASA/ Goddard Institute of Space Studies atlas of extratropical storm tracks for the Antarctic, in that their maps show that the East Antarctic is the region of highest storm-track density for the years covered by the atlas (1992-98). The Weddell and B&A sectors show large year-to-year differences in the number of September storm tracks, helping to explain the large surface-level pressure standard deviations for these sectors.
In summary, the B&A and West Pacific sectors exhibit large variability in the number of storms, their intensity and frequency, which likely explains the large snow-depth per sea-ice area standard deviation (Fig. 6) . Furthermore, the reported increase in the number of storms and storm depth entering the West Pacific sector explains the positive trend in snow depth. The observed increase in snow depth is also consistent with recent reports of an increase in the mass of the East Antarctic ice sheet from satellite radar altimetry measurements which were associated with a contemporaneous increase in precipitation (Davis and others, 2005 ).
An airborne validation campaign for the Arctic Ocean was successfully completed in March 2006, with its primary objective to validate satellite passive microwave snow-depth retrievals . For the Antarctic, we plan to compare the SSM/I-derived snow depths with Antarctic Sea Ice Processes and Climate (ASPeCt) data (Worby, 1999) once they become available. These data are a collection of standardized snow and sea-ice observations from ships. Furthermore, we plan to compare these results with European Centre for Medium-Range Weather Forecasts ERA-40 and/or US National Centers for Environmental Prediction (NCEP)/US National Center for Atmospheric Research (NCAR) re-analysis data, in order to explain better the observed variability in snow depth and also its relationship with the sea-ice cover.
